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Abstract 
In the last decade or so, severe plastic deformation (SPD) has been shown to be an effective means for the production of fine grained 
microstructure in magnesium alloys at relatively low temperatures while altering the material texture to improve its formability. SPD of sheet 
geometry is particularly attractive in order to encourage wider use of magnesium alloys for lightweight applications. In this study, the 
microstructure evolution of magnesium alloy AZ31 sheet in the groove pressing process was examined at different processing conditions.  The 
average grain size of the material was reduced from 13.3 μm to 1.9 μm after 4 cycles of deformation under the condition of progressive 
decreasing temperature and specimen rotation between cycles. The final microstructure was observed to be homogenous in both the transverse 
and rolling directions consisting of fine grains of 0.6-1 μm and a small fraction of coarser grains of 3-5 μm. The average hardness of the 
material was increased from 62 to 91 Hv with a uniform distribution along the thickness direction. This study has demonstrated that groove 
pressing is a highly effective method for production of fine grained microstructures in magnesium sheet using the technique of progressive 
decreasing temperature while alternate specimen rotation is necessary to prevent premature failure of the material.  
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1. Introduction 
There is a strong motivation in enabling a wider use of 
magnesium and its alloys as a structural material because of 
its advantageous properties and relatively abundance 
supply. Magnesium is the eighth most common element in 
the word, comprising of 2.7% in the earth crust and 0.13% 
in ocean [1]. Magnesium alloys also have many useful 
properties such as high specific strength, dent resistance, 
and good vibration damping [1, 2]. Today magnesium alloys 
are already widely used as an structural replacement 
material to reduce the weight of automotive and their 
applications can be found in the interior, body, powertrain, 
and chassis [3]. Majority of these components are formed by 
die casting because the relative ease for manufacturing 
complicated geometries. However parts made from casting 
generally have higher porosities and inferior mechanical 
properties as compared to wrought alloys [2]. The use of 
wrought sheet magnesium alloys in automotive is generally 
limited because of the poor room temperature formability 
and for economic reasons. Despite these challenges, the 
opportunities of further weight reduction in components 
such as seat frame, covers, and body panels [4] by using 
magnesium alloy sheet manufactured by press forming 
remains attractive. In order to expand the applications of 
wrought magnesium alloy sheet, it is necessary to improve 
the formability of the alloy at lower temperatures, while 
keeping the overall manufacturing cost low. 
Improving the formability of magnesium alloys have 
been the focus of extensive research of the past decades. 
Common approaches are through grain size refinement and 
avoiding the strong basal textures that inevitably developed 
in the production of magnesium sheet. Ultrafine grains is 
known to suppress twins and increase the activities of non-
basal slips [5] which improves the formability of the alloy 
while a change in sheet texture is effective in prolonging 
fracture to larger strains [6]. Various methods to improve 
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formability of magnesium alloys have been proposed such 
as differential speed rolling (DSR) [7, 8], texture 
modification through alloying [9, 10], and severe plastic 
deformation [11, 12]. Among these, severe plastic 
deformation (SPD) using groove pressing process or 
equivalent corrugation techniques are particularly attractive 
and suitable for production of uniform fine grained 
microstructure and improving the formability and 
mechanical properties of magnesium sheets [13-15] to 
different degrees. Despite the advantages such as the ability 
to process thin sheets and relatively easy scale-up, groove 
techniques can be regarded to be less efficient as compared 
to primary techniques such as equal-channel angular 
pressing (ECAP) and high pressure torsion (HPT) in terms 
of the number of passes required, and intensity of shear 
strain and hydrostatic pressure etc.  As such, more studies 
should be conducted to understand the degree of texture 
modification, grain refinement and processing routes for 
both strength and formability improvement. 
The aim of current study is to investigate the degree of 
grain refinement in AZ31 Mg alloy sheet using the groove 
pressing process under different experimental conditions. 
The influence of temperature conditions and pressing routes 
on the process efficiency, grain size, and hardness of the as-
processed alloy are discussed.  
2. Experimental procedure 
2.1. Material for experiments 
A commercial hot-rolled AZ31B alloy sheet of 
composition Mg-2.4%Al-0.85%Zn (in weight %) of 2.3 
mm in thickness was used in current study. The initial 
specimen dimension of 96 mm × 96 mm was cut from the 
as-received sheet and annealed at 345 ˚C for 1 hr. 
2.2.  Semi-constrained groove pressing process 
Fig. 1 shows the groove pressing die for performing the 
SPD experiment on the AZ31 Mg alloy sheet shear 
deformation in the material. In this die design, the pitch of 
the grooves features was 8 mm with an equal horizontal 
length spacing of 2 mm for the 45˚ and flat surfaces. During 
the groove pressing stage, the specimen was placed between 
a stationary lower and moving upper groove feature dies 
and allowed to freely deform to the shape of the dies by the 
movement of the upper die. During the straightening stage, 
the specimen was placed between two flat surface dies and 
allowed to deform back to the initial geometry using similar 
die movement while being constrained in the longitudinal 
direction by the side walls of the lower die. Fig. 2 shows the 
illustration of the pressing sequences necessary to achieve 
one complete cycle with uniform straining of the material. 
In the groove pressing stage (a–b), the specimen was 
subjected to a simple shear deformation in the 45˚ diagonal 
surfaces between the flat surfaces and has a theoretical 
effective strain, εeff, of 0.58 [13]. The materials along the 
flat surfaces were not subjected to any straining.  
After straightening (b–c) a total theoretical cumulative 
strain, εeff, of 1.16 can be imparted in the flattened sheared 
zone of the material. In order to produce a uniform straining 
throughout the material, the specimen was flipped 180˚ 
about the transverse direction of the die to repeat the same 
groove pressing and straightening procedures so that the 
unprocessed material in the flat region can be subjected to 
the same shearing and flattening strain (d-f). Therefore, one 
complete groove pressing cycle would comprise of a total 
of 4 passes. Two processing routes were examined in this 
study. In Route A, at the end of each pressing cycle, the 
specimen was flipped 180˚ about the die transverse 
direction and rotated 90˚ about the sheet normal direction. 
In Route B, the specimen was only flipped 180˚ about the 
die transverse direction at the end of each pressing cycle. 
The pressing was conducted using a 25 Ton hydraulic press 
at a constant speed of 5.2 mm/s. The dies were heated using 
built in cartridge heaters and allowed to stabilize to the 
desired temperatures for 5 min. The specimens were coated 
with a thin layer of graphite lubricant before placing in die 
and allowed to heat up for 2 min before pressing. The 
specimens were then pressed at a constant temperature 
250˚C and with a reduction of forming temperatures from 
250, 200, to 150˚C at the end of each cycle. A total of 3 
specimens were processed according to the conditions 
summarized in Table 1. 
 
 
 
 
 
 
Fig. 1. Upper and lower die for groove pressing of the test material. 
Table 1. Summary of test conditions 
Specimen Forming temperatures Route 
I 1st cycle at 250˚C -> 2nd cycle at 200˚C 
-> 3rd cycle at  150˚C -> 4th cycle at 
150˚C 
A  
II 1st cycle at 250˚C -> 2nd cycle at 200˚C 
-> 3rd cycle at  150˚C  
B 
III Constant temperature at 250˚C A 
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Pitch=8 mm 
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2 mm 
2 mm a 
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Fig. 2. Illustration of constraint groove pressing SPD process 
2.3. Microstructure examination and mechanical test 
Microstructure examination was conducted for the cross-
sections of the initial and as-processed materials along the 
rolling and transverse direction. The samples for 
metallography were mechanically sectioned and ground 
using a 400 grit SiC paper. Subsequent fine grinding was 
carried out using Struers MD-Largo with 9 μm diamond 
alcohol-based suspension and lubricant. Polishing was done 
using diamond particles in alcohol-based lubricant from 3 
to 1 μm. The samples were etched using acetic-picral 
solution containing 4.2 g picric acid, 70 ml ethanol, 10 ml 
acetic acid and 10 ml distilled water. The etched 
microstructures were examined using an inverted optical 
microscope (Olympus GX51) while the average grain size 
was determined by the linear intercept procedure. Hardness 
measurement was conducted across the thickness of the 
specimen using micro-vickers hardness tester (Matsuzawa 
MMT-X3). 
3. Results and Discussion 
3.1. Groove pressing sequences 
Fig. 3 shows the results after Route A and B pressing 
sequences. Specimen I which underwent Route A pressing 
and a progressive reduction in forming temperatures, was 
able to achieved a total of 4 cycles (16 passes) without 
fracture and the theoretical cumulative strain, εeff, in the 
material after 4 cycles was 4.64. On the other hand, 
Specimen II which underwent Route B pressing at the same 
progressively reduction in forming temperatures could only 
sustain 2 complete cycles (8 passes) before fracturing 
during the 3rd cycle (on the 11th pass). The theoretical 
cumulative strain, εeff, after 2 complete cycles was 2.32. 
Specimen III which underwent Route A pressing sequence 
but at a constant temperature of 250˚C was formed to a total 
of 5 cycles (20 passes) without fracture.  
In Specimen II, the crack was observed to (Fig. 2b) have 
initiated along the highest and lowest crest, which were the 
locations material along the flat surfaces. Route B pressing 
sequence resulted in premature failure of the material 
because the same flat surface regions of the specimen were 
subjected to repeating tensile stresses generated from the 
bending and straightening procedures in each cycle. Route 
A was effective in prolonging catastrophic failure because 
of the 90˚ rotation about the sheet normal directions 
between each cycle. This allowed the bending and 
straightening stresses to occur along different direction 
while enabling the same straining to be introduced in the 
material. Rotation also allowed the processing of the 
material at progressive lower temperatures after each cycle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Specimen I after 4 cycles (16 passes) without fracture (b) Cracks 
in specimen II during the 3rd cycle (11th pass). 
3.2. Microstructure characterization 
The microstructures along the rolling and transverse 
direction of the Mg alloy after annealing are shown in Fig. 
4. The initial material shows an equiaxed microstructures 
with small proportion of twins visible within the grain 
boundaries. The microstructure is composed of both small 
and large grains with an average grain diameter, ҧ݀, of 13.3 
180˚ rotation 
about transverse 
direction 
a 
b 
b 
e 
f 
d 
c 
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μm as determined from linear intercept method. SPD 
process is known to be effective in production of ultrafine 
grains at relatively low temperatures in materials with low 
or high stacking fault energy (SFE) [16]. Grain subdivision 
occurs through the mechanism of continuous dynamic 
recrystallization (cDRX) with nucleation of fine grains in 
the vicinity of existing grain and twins boundaries [16-18].  
The microstructure evolutions in Specimen I that 
undergone Route A pressing sequence are shown in Fig. 5.  
After the 1st cycle at 250˚C the average grain diameter, ҧ݀, 
was reduced to 6.3 μm. The grains are observed to be non-
homogeneous and composed of smaller grains nucleated 
along the grain boundaries of the larger grains. After the 2nd 
cycle at 200˚C, the average grain diameter, ҧ݀,  is slightly 
reduced to 5.8 μm. At the end of 3rd cycle at 150˚C and a 
total cumulative strain of, εeff, of 3.48, the average grain 
diameter, ҧ݀ , has decreased more significantly to 3.3 μm. 
This significant reduction in grain size is due to the effect of 
lower deformation temperature and higher cumulative strain 
which increased the rate of cDRX. At the end of the 4th 
cycle and a total cumulative strain of, εeff, of 4.64, the 
average grain diameter, ҧ݀, are reduced to 1.9 μm.  
From Fig. 6, the microstructures at the end of the 4th 
cycle consists of fine equiaxed grains (<1 μm) as small as 
0.6 μm and coarser grains of 3~5 μm in both the RD and 
TD directions. Fig. 7 shows the microstructure evolutions 
of Specimen II that underwent Route B pressing sequence 
which fractured during the 3rd cycle. The average grain 
diameter, ҧ݀, was only reduced to 6.7 and 5.3 μm at the end 
of the 1st and 2nd cycle respectively. Both Routes A and B 
sequence resulted in a similar degree of grain size 
refinement in the first two cycles and the only difference is 
in terms of the workability of the Mg alloys. Fig. 8 shows 
the microstructure of Specimen III that underwent Route A 
pressing sequence at the constant deformation temperature 
of 250 ˚C. At the end of the 5th cycle, the average grain 
diameter, ҧ݀ , is only reduced to 5.6 μm although it 
theoretically has achieved much higher cumulative strain. 
This result is consistent to the literature [12] that the grain 
size does not reduce significantly if the process is 
conducted at a constant deformation temperature as 
compared to a process of decreasing deformation 
temperatures. Increase in grain fragmentation at lower 
deformation temperature is due to the increase in nucleation 
sites associated with a higher amount of twinning and 
dislocation pile-ups within the initial grains.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Microstructures of the initial AZ31B sheet after annealing (a) in the 
RD direction (b) in the TD direction  
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Fig. 5. Microstructure evolution of AZ31 Mg alloy (Specimen I) after 
groove pressing using route A in the (a) 1st cycle at 250˚C, εeff =1.16 (b)  
2nd cycle at 200˚C, εeff =2.32  (c) 3rd cycle at 150˚C, εeff =3.48  and (d) 4th 
cycle at 150˚C, εeff =4.64 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Microstructure of AZ31 Mg alloy (Specimen I) after 4 cycles of 
groove pressing using Route A in the (a) longitudinal (b) transverse 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Microstructure of AZ31 Mg alloy sheet (Specimen II) after groove 
pressing using Route B in the in the (a) 1st cycle at 250˚C, εeff =1.16 (b) 2nd 
cycle at 200˚C, εeff =2.32   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Microstructure of AZ31 Mg alloy sheet (specimen III) after groove 
pressing using route A at the end of 5th cycle at constant pressing 
temperature of 250˚C, εeff = 5.8 
3.3. Hardness measurements  
Fig. 9 shows the variation in hardness along the 
thickness of the as-processed Mg alloy sheet at the end of 
each cycle for Specimen I. The hardness along the thickness 
direction is observed to be uniform at the end of each cycle 
indicating that the material is subjected to uniform straining 
along the thickness in this process. The initial increase in 
hardness is small in the first two cycles and is quite close to 
the initial hardness of the starting material. The hardness 
increases more significantly in the 3rd and 4th cycles. This 
trend generally corresponds well with the degree in grain 
size reduction as observed in the microstructure 
characterization from the 1st to 4th cycle. Fig. 10 shows the 
variation of average hardness and grain size measured at the 
end of each cycle against the theoretical cumulative strain 
in Specimen I. Both the plots of grain size and hardness 
against cumulative strain are generally nonlinear. These 
plots are also dependent on the deformation path, strain 
rate, and pressing temperatures and more experimental 
studies should be conducted to examine the influence of 
strain rate and temperature in this particular process. At the 
end of 4 cycles, the average hardness of the as-processed 
specimen increased by 48% from 62 to 91 Hv as compared 
to the initial annealed AZ31 Mg alloy. The effect of the 
d 
b 
a 
a 
b 
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groove pressing process on the tensile properties and 
textures will be examined in future studies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Hardness variation along the thickness direction of the Specimen I 
at the end of each groove pressing cycle 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Plot of average hardness and grain size of Specimen I against the 
theoretical total cumulative strain obtained in each of the pressing cycle 
4. Conclusions 
The influences of processing routes and temperature 
conditions have been examined in the groove pressing 
process of AZ31 Mg alloy sheet. The microstructure 
evolution and hardness have been examined on the as-
processed specimens. From the current study, the following 
findings can be summarized.  
1. Alternate rotation of the specimen is effective and 
necessary to prevent premature catastrophic failure 
by minimizing the repetitive tensile stresses in the 
same material region.   
2. Groove pressing using the Route A and decreasing 
temperature condition (Specimen I) is effective in 
reducing the initial average grain diameter by ~ 
85.7%.  
3. The hardness increased by ~ 46.8% and is uniform 
through the thickness.  
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